Florida panthers are endangered pumas that currently persist in reduced patches of habitat in South Florida, USA. We performed mitogenome reference-based assemblies for most parental lines of the admixed Florida panthers that resulted from the introduction of female Texas pumas into South Florida in 1995. With the addition of 2 puma mitogenomes, we characterized 174 single nucleotide polymorphisms (SNPs) across 12 individuals. We defined 5 haplotypes (Pco1-Pco5), one of which (Pco1) had a geographic origin exclusive to Costa Rica and Panama and was possibly introduced into the Everglades National Park, Florida, prior to 1995. Haplotype Pco2 was native to Florida. Haplotypes Pco3 and Pco4 were exclusive to Texas, whereas haplotype Pco5 had an undetermined geographic origin. Phylogenetic inference suggests that haplotypes Pco1-Pco4 diverged ~202 000 (95% HPDI = 83 000-345 000) years ago and that haplotypes Pco2-Pco4 diverged ~61 000 (95% HPDI = 9000-127 000) years ago. These results are congruent with a south-to-north continental expansion and with a recent North American colonization by pumas. Furthermore, pumas may have migrated from Texas to Florida no earlier than ~44 000 (95% HPDI = 2000-98 000) years ago. Synonymous mutations presented a greater mean substitution rate than other mitochondrial functional regions: nonsynonymous mutations, tRNAs, rRNAs, and control region. Similarly, all protein-coding genes were under predominant negative selection constraints. We directly and indirectly assessed the presence of potential deleterious SNPs in the ND2 and ND5 genes in Florida panthers prior to and as a consequence of the introduction of Texas pumas. Screenings for such variants are recommended in extant Florida panthers.
Mitochondria are organelles found in most eukaryotic cells, where their primary function is the production of energy in the form of adenosine 5′-triphosphate via the citric acid cycle (Mishra and Chan 2014) . Other functions of mitochondria include the storage and signaling of calcium ions and the synthesis of steroid hormones such as testosterone and estrogen (Miller 1998 (Miller , 2013 Nicholls 2005) . In mammals, the mitogenome consists of 13 protein-coding genes, 22 tRNA genes, 2 rRNA genes, the origin of replication of the H-strand along with adjacent promoters for transcription (known collectively as the control region or CR), and the origin of replication of the L-strand (Anderson et al. 1981; Wallace 1986 ).
Negative selection in mitochondrial genes is likely to be strong and rapid, as their transcription products are critical for life (Hill et al. 2014) . For instance, the protein-coding genes are transcribed into mRNAs and eventually translated into subunits of protein complexes that participate in the oxidative phosphorylation process in the mitochondrial inner membrane (Blier et al. 2001) . Nevertheless, mitochondrial protein-coding genes can still carry deleterious mutations. In humans, ~275 mutations in these genes have been associated with different diseases (http://www.mitomap.org/MITOMAP). Moreover, evolutionary forces such as genetic drift may enhance the accumulation of slightly deleterious mutations in the mitochondria, particularly in endangered species characterized by small population sizes-that is, Muller's ratchet (Muller 1963; Felsenstein 1974; Lynch and Gabriel 1990; Loewe 2006) .
Pumas (Puma concolor), also known in different regions as panthers, mountain lions, or cougars, have a broad distribution across a vast range of habitats from southwestern Canada to southern Chile (Sunquist and Sunquist 2002) . However, their range has been severely reduced over the past century as a result of habitat destruction and/or unregulated hunting (Laundré and Hernández 2010; Castilho et al. 2011 ). In the United States alone, pumas were extirpated east of the Mississippi River, except for a viable population of panthers that persisted in reduced patches of habitat in South Florida (Nowell and Jackson 1996; Onorato et al. 2010) .
Florida panthers have been classified as endangered since 1967 and have been afforded protection under the US Endangered Species Act since 1973 (Federal Register 1967; ESA 1973) . In the early 1980s, <30 Florida panthers were documented across their entire range (McBride et al. 2008 ). Long-term isolation and inbreeding in Florida panthers resulted in the expression of phenotypic traits (e.g., spermatozoal defects, cryptorchidism, deficiency in testosterone, atrial septal defects) with deleterious fitness consequences (Roelke et al. 1993; Barone et al. 1994; Cunningham et al. 1999; Hostetler et al. 2010 Hostetler et al. , 2013 Johnson et al. 2010; Benson et al. 2011) . Concerns about the possible extinction of Florida panthers motivated the introduction of 8 female pumas from southwestern Texas into South Florida in 1995 (Seal 1994; Onorato et al. 2010) . Parturition was documented in 5 of the introduced Texas females and, subsequently, deleterious correlates of inbreeding depression in Florida panthers were drastically reduced (Land et al. 2004; Johnson et al. 2010) .
Given their high mutation rate and their nonrecombinant, haploid, and uniparental (e.g., maternal) inheritance nature, mitogenomes have been used extensively in the field of molecular phylogenetics to describe evolutionary histories, resolve taxonomic uncertainties, and determine divergence times between lineages. Yet only a handful of studies have also focused on the selective processes that have shaped mitochondrial genetic diversity in natural populations. This study offers new insight into the evolution of the mitogenome in pumas; at the same time it also addresses, directly and indirectly, the presence of potential deleterious single nucleotide polymorphisms (SNPs) in Florida panthers prior to and as a consequence of the introduction of Texas pumas.
Materials and Methods
We obtained whole blood samples from tissue archives of the Florida Fish and Wildlife Conservation Commission (FWC) that included puma samples collected by the FWC and National Park Service staff. We used 1 mL of whole blood from 1 female (sample FP73) and 4 male (samples FP16, FP45, FP60, and FP79) Florida panthers captured in South Florida, and from 5 female pumas (samples TX101, TX105, TX106, TX107, and TX108) captured in southwestern Texas Supplementary Table S1 ). These Texas females constitute individuals that were documented to have produced litters of kittens with Florida panthers. There are 5 known paternal links between male Florida panthers and offspring of the introduced Texas pumas: FP16, FP45, FP60, FP79, and CM7 (not sampled). Individuals FP73 and FP79 are admixed Florida panthers that resulted from the mating between CM7 and TX101 ; Supplementary Figure S1 ).
We extracted genomic DNA from each sample using a phenolchloroform protocol at the University of Arizona Genetics Core (UAGC, Tucson, AZ). We prepared paired-end libraries of 500-bp inserts for each DNA sample and sequenced them on independent lanes on an Illumina HiSeq 2000/2500 system (Illumina, Inc., San Diego, CA) at the UAGC. We used Trimmomatic v0.35 (Bolger et al. 2014) to remove the adapter sequences from the paired-end reads (~100 bp × 2), eliminate leading and trailing "N" bases, eliminate leading and trailing bases with a Phred-scaled score of <20, trim reads when a 4-base wide sliding window averaged a Phred-scaled score of <20, and remove reads with an average Phred-scaled score of <30 or with a length of <50 bases.
Using Musket v1.1 (Liu et al. 2013) , we detected and corrected sequencing errors in the trimmed reads based on their k-mer abundances. In this regard, we assessed the abundances of each non-unique 21-mer and 23-mer, estimated the coverage cutoff value to differentiate spurious from true k-mers, and corrected substitution sequencing errors in the spurious k-mers. We mapped the resulting paired-end and single-end reads (i.e., unmated processed reads) against a complete puma mitogenome (GenBank Acc. No. JN999997; https:// www.ncbi.nlm.nih.gov/genbank/; collected from a rescued animal housed at In-Sync Exotics in Wylie, Texas-McCulloch D, personal communication) with BWA v0.7.9 (Li and Durbin 2009).
We used SAMtools v0.1.19 Li 2011) to remove potential PCR duplicates with the lowest mapping qualities, eliminate reads with a mapping quality of ≤20, and define SNPs with a Phred-scaled quality of ≥30 for the alternate alleles. We then performed a multiple sequence alignment (MSA) with SATé v2.2.7 (Liu et al. 2009 (Liu et al. , 2012 using the MAFFT aligner (Katoh et al. 2002) and the MUSCLE merger (Edgar 2004) . In addition to the reference-based assemblies and GenBank Acc. No. JN999997, we included the complete mitogenome of a jaguarundi (Puma yagouaroundi; GenBank Acc. No. KP202279; Li et al. 2016) , cheetah (Acinonyx jubatus; GenBank Acc. No. KP202271; Li et al. 2016) , domestic cat (Felis catus; GenBank Acc. No. U20753; Lopez et al. 1996) , spotted linsang (Prionodon pardicolor; GenBank Acc. No. KJ636050; Hassanin and Veron 2016) , and another male Florida panther captured in South Florida (GenBank Acc. No. KP202261; sample FP12-Murphy W, personal communication; Li et al. 2016 ; Supplementary Table S1) in the MSA for comparative purposes. We replaced ambiguous bases with "N" bases in the MSA, defined puma mitochondrial haplotypes with PopART v1.7 (http://popart.otago. ac.nz), and created consensus sequences for each haplotype with BioEdit v7.2.5 (Hall 1999) .
We estimated intra-and interspecific divergence times with PAML v1.3.1 (Yang 2007 ) and multidivtime v09.25.03 (Thorne and Kishino 2002) using MSA partitions of each protein-coding gene and, ultimately, a concatenated MSA of the protein-coding sites (Rutschmann 2005) . For each MSA, we used MEGA v6.06 (Tamura et al. 2007 ) to determine the best nucleotide substitution model based on the Bayesian information criterion and to create maximum-likelihood (ML) tree topologies as input data for further analyses. We obtained nucleotide frequency, transition/transversion ratio, heterogeneity rate, and α-shape parameter estimates from the "baseml" function as implemented in PAML. Likewise, we used the "estbranches" function in multidivtime to obtain ML estimates of branch lengths and to obtain a variance-covariance matrix. We ran 5 independent Markov chain Monte Carlo simulations, each consisting of 10 5 initial generations as burn-in and then 10 6 generations sampled every 100 generations. We assumed the following calibration nodes scaled to million years before present (MYBP): puma-jaguarundi (4.2; 95% highest posterior density interval or HPDI = 3.2-6.0), puma-cheetah (4.9; 95% HPDI = 3.9-6.9), and puma-domestic cat (6.7; 95% HPDI = 5.3-9.2) (Johnson et al. 2006) ; and puma-spotted linsang (33.3; 95% HPDI = 28.9-39.1) (Eizirik et al. 2010) . For the phylogenetic inference we also assumed a relaxed molecular clock model. Using Tracer v.1.6 (Rambaut et al. 2014) , we assessed convergence within and between runs and summarized the posterior samples of the concatenated MSA of the protein-coding sites.
We employed the same procedure as above to calculate mean substitution rates for sets of concatenated sequences representing diverse mitochondrial functional regions: nonsynonymous and synonymous mutations along the same MSA of protein-coding genes, tRNAs, rRNAs, and CR. In order to calculate the mean substitution rates for the nonsynonymous and synonymous mutations, we excluded the synonymous and nonsynonymous sites between the puma and the jaguarundi from the MSA of protein-coding genes, respectively. Therefore, we only considered the mean substitution rate estimates for the puma-jaguarundi split for each mitochondrial functional region.
We tested for selection in the protein-coding genes of the pumajaguarundi with KaKs_Calculator v2.0 (Wang et al. 2010) . We estimated the Ka (i.e., rate of nonsynonymous substitutions per nonsynonymous site), Ks (i.e., rate of synonymous substitutions per synonymous site), and Ka/Ks parameters using the γ-NG, γ-LWL, γ-MLWL, γ-LPB, γ-MLPB, γ-YN, and γ-MYN approximate methods (Wang et al. 2009a (Wang et al. , 2009b . In general, Ka/Ks = 1 suggests neutral evolution, Ka/Ks < 1 suggests negative selection, and Ka/Ks > 1 suggests positive selection.
We predicted the impact of the amino acid mutations (i.e., nonsynonymous SNPs) in the puma using the PROVEAN web server (http://provean.jcvi.org/index.php; Choi 2012; Choi et al. 2012; Choi and Chan 2015) . This program performs BLAST searches for query proteins across the NCBI "nr" database. Homologs are then clustered using CD-HIT, and PROVEAN scores (i.e., effect on fitness) are computed by averaging "delta alignment scores" within and between the top 30 clusters of closely related sequences. Typically, PROVEAN scores ≤ −2.5 are considered to be deleterious, whereas PROVEAN scores > −2.5 are considered to be neutral. We inferred the immediate ancestral amino acid sequence for each nonsynonymous SNP from the ML phylogenetic trees of proteincoding gene partitions produced in MEGA.
We further used TreeSAAP v3.2 (Woolley et al. 2003) to determine the function of protein regions carrying the predicted deleterious amino acid mutations. This program identifies the specific physicochemical properties of these regions (e.g., hydropathy, isoelectric point, polar requirement) by means of a Z-test. "Radical" quantitative classes for each physicochemical property (i.e., categories 6−8) with a Z-score >3.09 are regarded as highly significant (P < 0.001). We used the nucleotide substitution models and tree topologies from the ML inference of gene partitions produced in MEGA, and sliding windows of 20 amino acids per gene for the calculations in TreeSAAP.
Results and Discussion
In this study, we produced novel mitogenome reference-based assemblies from 5 Florida panthers (samples FP16, FP45, FP60, FP73, and FP79) and 5 Texas pumas (samples TX101, TX105, TX106, TX107, and TX108) at sequence coverages of 317-1433× (Supplementary Table S2 ). We then defined 5 haplotypes across 12 puma mitogenomes: Pco1 (sample FP16), Pco2 (samples FP12, FP45, and FP60), Pco3 (samples FP73, FP79, TX101, and TX106), Pco4 (samples TX105, TX107, and TX108), and Pco5 (GenBank Acc. No. JN999997). Collectively, these haplotypes contained 174 SNPs after we replaced ambiguous bases with "N" bases in the reference-based assemblies and after we removed 2 repetitive sequence loci from an intraspecific MSA matrix consisting of 17 153 bp ( Supplementary  Figures S2 and S3) .
Ambiguous bases in the reference-based assemblies were distributed along the 12S rRNA, tRNA-Val, 16S rRNA, and ND1 genes (Supplementary Table S3 ), and they could have resulted from the mapping of numt pseudogenes to the puma mitogenome reference sequence (GenBank Acc. No. JN999997) or from heteroplasmic mutations (Lebon et al. 2003; Li et al. 2016 ). The repetitive sequence loci, known as RS2 (sites 16 531-16 903) and RS3 (sites 274-618), were located on opposite sides of the central conserved region of the CR and were characterized by 80-bp and 8-bp consensus sequence patterns, respectively (Lopez et al. 1996; Jae-Heup et al. 2001) . We also found 1174-2450 fixed differences between the puma and the jaguarundi, cheetah, domestic cat, and spotted linsang after we removed the RS2 and RS3 loci from a combined intra and interspecific MSA matrix consisting of 17 208 bp (Supplementary Figure S3) .
Previously, Culver et al. (2000) characterized 14 mitochondrial haplotypes (designated by the letters A-N) for pumas across the Americas based on a concatenated sequence of 891 bp from the 16S rRNA, ATP8, and ND5 genes. Comparisons between this study and that of Culver et al. (2000) revealed that haplotypes Pco2-Pco4 have a Central and North American ancestry (haplotype M; Supplementary Table S4 ). In contrast, haplotype Pco1 has a geographic origin exclusive to Costa Rica and Panama (haplotype C; Supplementary Table S4) . Haplotype Pco1 possibly derived from a captive-bred stock-of Costa Rican and Panamanian ancestry at the very least-that was introduced into the Everglades National Park, Florida, in 1956 -1966 Roelke et al. 1993) . Haplotype Pco5 displayed 2 unique SNPs with respect to haplotypes A-N (although it presented the greatest sequence identity to haplotype M; Supplementary Table S4) . For this reason, we were unable to successfully assign haplotype Pco5 to a specific geographic location.
Phylogenetic inference suggests that haplotypes Pco1-Pco4 (Central and North America) diverged ~202 000 (95% HPDI = 83 000-345 000) years ago and that haplotypes Pco2-Pco4 (Florida and Texas, specifically) diverged ~61 000 (95% HPDI = 9000-127 000) years ago (Figure 1 ). In connection with this estimate, Culver et al. (2000) have suggested that range-wide pumas-South America included-shared a common mitochondrial ancestry ~390 000 years ago and that North American pumas shared a common mitochondrial ancestry < 20 000 years ago. Therefore, our results are also congruent with a south-to-north continental expansion and with a recent North American colonization by pumas, conceivably during the Middle and Late Pleistocene, respectively.
Since Texas haplotype Pco3 is basal to Texas haplotype Pco4 and to Florida haplotype Pco2 (Figure 1) , we can further hypothesize that pumas migrated from Texas to Florida once initial North American colonizations had taken place. Phylogenetic inference suggests that this migration event occurred no earlier than ~44 000 (95% HPDI = 2000-98 000) years ago (Figure 1) . Lastly, we estimated divergence times of ~3.8 (95% HPDI = 3.0-4.8) MYBP for the puma-jaguarundi, ~4.0 (95% HPDI = 3.2-5.0) MYBP for the puma-cheetah, and ~5.6 (95% HPDI = 5.0-6.8) MYBP for the puma-domestic cat (Figure 1) . These results reflect more recentbut not statistically different-felid interspecific divergence time estimates than those reported by Johnson et al. (2006) (see Materials and Methods section).
Mean evolutionary rates (expressed as 10 −9 nucleotide substitutions site −1 year −1 ) for diverse mitochondrial functional regions in the puma-jaguarundi were: nonsynonymous substitutions (k = 2.7 ± 0.5), synonymous substitutions (k = 24.5 ± 3.7), tRNAs (k = 4.4 ± 1.5), rRNAs (k = 5.5 ± 1.5), and CR (k = 13.9 ± 3.7). These estimates are similar to those reported by Pesole et al. (1999) for closely related mammalian species with divergence times of 2.5-6.0 MYBP. For example, Pesole et al. (1999) calculated mean mitochondrial evolutionary rates (also expressed as 10 −9 nucleotide substitutions site −1 year −1
) for the human-bonobo as follows: nonsynonymous substitutions (k = 2.0 ± 0.3), synonymous substitutions (k = 28.0 ± 4.0), tRNAs (k = 3.6 ± 1.0), 12S rRNA (k = 2.7 ± 0.9), 16S rRNA (k = 5.6 ± 1.4), and CR (k = 13.7 ± 3.4). (Wang et al. 2009a (Wang et al. , 2009b . Horizontal bars at the end of each whisker represent minimum and maximum values within 1.5 deviations from the interquartile range. Circles represent numerical outliers. Genes are ordered from smallest to greatest Ka values.
Synonymous mutations in the puma-jaguarundi presented a high substitution rate relative to the other mitochondrial functional regions. We regard such mutations as a reliable indicator of neutral expectations. Hence, the tRNAs and rRNAs could be subject to particular selective constraints, considering that the former function as carriers of specific amino acids and that the latter act as complementary structural components of ribosomes during the synthesis of mitochondrial protein subunits. A case in point is the discovery of highly disruptive base changes in the RNAs-perhaps to a greater degree in the tRNAs (http://www.mitomap.org/MITOMAP); these are known to negatively affect human health and are therefore likely to be purged or kept at low frequencies in a population in response to selection. Moreover, Pesole et al. (1999) have proposed that many changes in the tRNA and rRNA genes are compensatory in nature to maintain critical secondary and tertiary structures. Selective processes may have also shaped the genetic diversity of the CR, as this functional region plays a major role in accelerating the synthesis of mitochondrial DNA to satisfy cellular energy demands in mammals (Fish et al. 2004) .
Evolutionary rates differed considerably among the proteincoding genes in the puma-jaguarundi (Figure 2 ). With respect to nonsynonymous substitutions, the COI gene evolved at the slowest rate, whereas the ATP8 gene evolved ~15 times faster (Figure 2a ). In general, the cytochrome c oxidase (complex IV) subunits encoded by the mitochondria (COI, COII, and COIII) could be conserved as a result of co-adaptation with proteins from the electron transport system encoded by the nuclear genome (Adkins et al. 1996; Zhen et al. 1999) . Essentially, the nuclear encoded cytochrome c of the ubiquinol-cytochrome c oxidoreductase (complex III) is expected to dock with the cytochrome c oxidase (complex IV) to transfer electrons between these complexes (Blier et al. 2001) . On the other hand, da Fonseca et al. (2008) have shown that high amounts of amino acid variation in the ATP synthase (complex V) are not uncommon in mammalian species. In this regard, it is possible for these amino acid changes to be associated with the mitochondrial coupling efficiency and with adaptations to environmental changes (Mishmar et al. 2003; Wallace 2007) . All 13 mitochondrial proteincoding genes in the puma-jaguarundi were under significant negative selection constraints (Ka/Ks < 1; P < 0.01 for each method for each gene; Figure 2c ). Such patterns of mitochondrial evolution are consistent across vertebrates and invertebrates (Pesole et al. 1999; Ballard 2000a Ballard , 2000b Bazin et al. 2006; Hassanin et al. 2009 ).
We identified 4 nonsynonymous SNPs in the puma data set and resolved 2 of these to be deleterious using PROVEAN (Table 1 ). The latter SNPs corresponded to a P327S amino acid mutation in the ND2 gene (present only in haplotype Pco4 and possibly introduced into South Florida by Texas pumas in 1995) and to a P478L amino acid mutation in the ND5 gene (present only in haplotype Pco2, which is native to Florida) ( Table 1) .
Functional analyses performed with TreeSAAP suggest that the P478L amino acid mutation in the ND5 gene is found in a protein region associated with "alpha-helical tendencies" and with "power to be at the middle of an alpha-helix" (Figure 3 ). Hence, if Figure 3 . Physicochemical properties of the protein encoded by the ND5 gene, as examined across the puma, jaguarundi, cheetah, domestic cat, and spotted linsang. Protein regions are defined by sliding windows of 20 amino acids each. The P478L amino acid mutation in the puma is present in a protein region (bracket at the bottom of the graph) with highly significant (Z-score > 3.09; P < 0.001; dashed gray line) "alpha-helical tendencies" (black line) and "power to be at the middle of an alpha-helix" (solid gray line).
deleterious, this mutation is likely to negatively affect alpha-helical protein properties. The protein encoded by the ND2 gene displayed no regions with highly significant (Z-score > 3.09; P < 0.001) physicochemical properties (data not shown). Mutations along the ND2 and ND5 genes in humans are reported to cause Leber hereditary optic neuropathy and Leigh syndrome, among many other diseases (http://www.mitomap.org/MITOMAP). The predicted deleterious SNPs in pumas, however, have not yet been associated with a particular disease and have not been documented in related felid species or in humans. New challenges may arise in determining the evolutionary processes that allowed the continued existence of the predicted deleterious SNPs in pumas. Perhaps such mutations are mildly deleterious and/or too recent for selection to have purged them (Nachman 1998; Rand and Kann 1998; James et al. 2016 ). Furthermore, a sudden and recent population bottleneck-and thus genetic driftcould have prompted a random increase in their frequency (Culver et al. 2008) . There is compelling evidence suggesting that Florida panthers have greatly benefited from the 1995 genetic restoration program (Land et al. 2004; Hostetler et al. 2010; Johnson et al. 2010; Benson et al. 2011 ). Nevertheless, this study warrants the proper screening for and monitoring of potential deleterious variants in extant Florida panthers.
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